Abstract. We outline a method for extracting inertio-gravity wave parameters using the autospectra and cross spectra of the horizontal perturbation winds. In essence, we define a statistical hodograph for each spectral bin, thus combining the advantages of the rotary spectrum and hodograph methods. Furthermore, we include the effects of the background vertical shear in the parameter estimation equations, • step that had often been omitted in the past. Applying this technique to a long-period data set taken with the Arecibo 430-MHz radar, we explore its usefulness as well as its limitations. Our analysis of this data set also supports the interpretation of horizontal wind-perturbation rotation in the lower stratosphere over Arecibo as inertio-gravity waves rather than mountain waves imbedded within a background vertical shear.
The Cross-Spectral Method Spectral Processing
Since the polarization of the perturbation wind vector is the key to extracting IGW parameters, two methods have been commonly used in the past to analyze the polarization. The first method, the rotary spectrum, was first applied to geophysical fluid data by Gonella [1972] and to atmospheric IGWs by Thompson [1978] . The second method, the hodograph, is a standard tool in meteorology. It was first applied to oceanic inertial oscillations by Kundu [1976] and to atmospheric IGWs by Cot and Barat [1986] . The idea is to trace the tip of the horizontal wind vector with respect to height. If enough points are taken to span one wavelength or one observed period of an IGW, then an ellipse should be inscribed. The following parameters can then be extracted: (1) the vertical sense of IGW propagation from the rotational sense, (2) the line of horizontal propagation that is parallel to the major axis of the ellipse, and (3) the intrinsic wave frequency, w, which is calculated from the ratio of the major to the minor axis of the ellipse.
Each method has its disadvantages. The rotary spectrum fails to yield the horizontal propagation direction and the intrinsic frequency, w. The hodograph, on the other hand, cannot sort out the results with respect to the vertical wavelength, m; one has to hope for a monochromatic wave or filter the input data according to some a priori criteria. Eckermann and Hocking [1989] warn that wave parameters extracted with the hodograph are not accurate if there are multiple waves present.
The cross-spectral method combines the advantages of the rotary-spectral and hodograph methods. (However, there is another price to pay as we shall see later.) We note that it is, in principle, equivalent to the Stokes parameter method proposed by Vincent and Fritts [1987] and applied by Eckermann and Vincent [1989] . Also, all of the methods discussed here can be examined under the general space-time spectral analysis formulation of Hayashi [1979] .
Here is an outline of the cross-spectral method: 1. Fourier transform u and v with respect to altitude or time.
2. Form the autospectra and cross spectra. The cross spectrum is given by Suv()-< > • is the independent variable in the transformed domain (either rn or the observed frequency, w0, in this case). Note that the ensemble averaging denoted by the brackets means that the cross spectrum requires averaging over altitude or time; this additional ambiguity in space-time is the price one pays for using this approach. Note also that the autospectra should be normalized to be amplitude rather than power.
Form the coherence, Cvv(•), which is the magnitude of $vv(•), and (I>vv(•), which is the phase of
The coherence, which varies from 0 to 1, gives a measure of the correlation between U and V in a given spectral bin. Thus it is a good indicator for the presence of wave energy in that spectral bin. Even if the autospectra do not have noticeable peaks, a significant peak in the coherence shows that for that particular spectral bin, u and v were varying in some nonrandom manner indicating a wave motion.
The sign of the phase yields the sense of wind rotation for a given spectral bin. For the definition of the cross spectrum given in (1), positive phase means CW and negative phase means CCW. Then for spectra taken with respect to height in the northern hemisphere, positive phase corresponds to upward energy propagation, and negative phase corresponds to downward energy propagation. For spectra taken with respect to time in the northern hemisphere, IGWs should exhibit positive phases (anticyclonic rotation) when the observed and intrinsic wave frequencies have the same sign; if the Doppler shift if great enough to reverse the sign relation between the observerd and intrinsic frequencies, then the IGWs would have negative phases (cyclonic rotation). The magnitude of the phase yields the type of polarization: 0 ø and 1800 correspond to linear (pure gravity waves, unless the propagation direction is exactly zonal or meridional) and all other values to elliptical (IGWs), with the special case of a perfectly circular polarization corresponding to pure inertial oscillation.
The autospectra by themselves yield the energy content in U and V per given spectral bin but are not as good indicators of the presence of wave motion as the coherence. However, the amplitudes of the autospectra in combination with the phase of the cross spectrum define an ellipse for a given spectral bin. Therefore it is as if a series of hodographs are created and sorted according to the spectral bins.
One can immediately see the advantages of the crossspectral method. Like the rotary-spectral approach the information is sorted according to the bins in the Fourier transform domain, so there is no need to perform an a priori filtering of the data as required for hodographs. On the other hand, the output of the crossspectral method yields just as much information as a hodograph. In addition, we gain a measuring stick for the presence of waves called the cross-spectral coheren ce.
The disadvantage, as mentioned earlier, is the need to average in the wavenumber or frequency domain in order to form the cross spectrum. At first glance this may not seem like a high price to pay, but we will see that it has important implications in the extraction of wave parameters.
Wave-Parameter Estimation
We wish now to estimate w, k (horizontal wave number), and, if the Fourier transform is taken with respect to time, m of the wave. Note that the wave-parameter extraction process is not a unique feature of the crossspectral method; once the polarization ellipse has been defined, either by hodograph or cross spectra, the following steps can be applied to estimate the wave parameters. In order to proceed, we need the following three relations. The polarization relation is given by A potential problem with the cross-spectral wave parameter estimation method is that the background wind and temperature fields may vary nonnegligibly inside the altitude-time space within which the spectra are taken and averaged. The larger the variability is the greater the uncertainty of the estimated parameters will be. Thus in the next section we will explore the sensitivity of the method to real data. [Meriwether, 1993] . For a summary of the campaign see Hines et al. [1993] . Unusually long time periods (for the time-competitive Arecibo system) were reserved for the AIDA experiment. To take advantage of this opportunity, the organizers ran a stratospheric-tropospheric observation proz0 gram on the 430-MHz system whenever possible. Consequently, we have available fairly long data sets that are quite suitable for studying IGWs.
Application of the Cross-Spectral
There were three "scenes" in AIDA, Act 1989.
Scene i was March %15, 1989, Scene 2 was March 28
to April 11, and Scene 3 was May 1-9. In this paper we will examine data from the two longest segments:
•0 Scenes 2 and 3. Because of a long data gap on 4/9, we ,,,,,,, will only take 3/28 to 4/9 for Scene 2.
The Arecibo 430-MHz system used as an ST radar is ' described by Woodman [1980] A quick look at the subsequent horizontal perturbation wind vectors shows that, indeed, the vectors tend to rotate clockwise with altitude and time in the region where wavelike activity is evident, giving further support for an IGW interpretation (see Figure 2) .
The Cross Spectra
Let us now examine the autospectra and cross spectra of u and v. We will concentrate on the region around and above the tropopause. For Scene 2, the entire timealtitude data grid consists of 97 points in time spaced 2.77 hours apart and 49 points in altitude spaced 0.3 km apart. For Scene 3, the altitude grid is the same with 63 points in time spaced 2.86 hours apart. Figure 3 shows the autospectra and cross spectra taken with respect to time for the entire length of the Scene 2 data set and averaged across the region above the tropopause. Table 1 . This was also true for other data segments analyzed and is likely due to the co spectrum route requiring one more observable quantity (a) and equation, In general, the wave parameters of Table I 1. The calculated intrinsic period is extremely stable against variations in the background quantities; this can also be seen from the small uncertainty values for 2•r/w in Tables I and 2. 2. The values calculated from the m spectra are much more stable against input changes than the output of the coo spectra. This result is not unexpected, since the m spectra route requires the solution of only two equa-tions with two unknowns, while the w0 spectra route has three equations with three unknowns. It boils down to the fact that a radar can measure the local vertical wavelength but can only observe the Doppler-shifted period of an IGW.
3. Variations in /•, which is calculated from the observed wind perturbations, affect the output more than the background variations in the vertical shear and Brunt-V•is•lK frequency. Therefore the major limitation in accuracy of IGW wave-parameter extraction results not from the variation of the background quantities (a weakness of the cross-spectral method) but from the determination of the wind perturbation vector ellipse, which is a problem for both the hodograph and the cross-spectral methods.
Summary Discussion
After outlining the cross-spectral technique, we demonstrated its usefulness in analyzing IGWs. The coherence of the cross spectrum between u and v is a paradigm for the presence of a geophysical wave in a given spectral bin, which is a piece of information not available from the autospectra of u and v. The crossspectral phase yielded the ellipticity and sense of rotation of the horizontal velocity perturbation vector, which gave the vertical sense of wave energy propagation (in the case of spectra taken with respect to height) and revealed a transition from IGWs to pure gravity waves in the lower stratosphere at the semidiurnal period. Furthermore, the cross-spectral phase together with the autospectral amplitudes defined an ellipse for each spectral bin such that IGW parameters could be extracted, in the same way that the parameters are inferred from hodographs.
Further sensitivity tests showed that the intrinsic wave frequency, w, is the most stable output parameter against variability in the inputs, not a surprising result since w is directly calculated from the input quantities, whereas all the other output parameters depend on w and/or other quantities. Another result of the sensitivity test was that wave parameters inferred from the vertical wavenumber spectra were more stable than those calculated from the frequency spectra, which was also not unexpected since the observed wave frequencies are Doppler shifted (thus introducing an additional variable), whereas the observed vertical wavenumbers can be taken as true values (in a local sense). Therefore, if possible, IGW parameters should be inferred from the vertical wavenumber spectra rather than the frequency spectra. Finally, the sensitivity tests showed that variability in the the background parameters is not likely to be the limiting factor in the accuracy of the inferred wave parameters (which had initially been suspected to be the major disadvantage of the cross-spectral method due to its need to take data from a larger time-altitude domain than the other methods). Rather, it is the variability in the horizontal perturbation wind ellipse that introduces the biggest fluctuations in the output parameters. Unfortunately, the variabilities are nonnegligible and place fairly large uncertainties on some of the inferred wave parameters. This problem applies equally well to the hodograph method; it is simply the problem of trying to infer so much information from a limited set of input variables.
As for the question of whether we are observing a real IGW over Arecibo or a mountain wave with background shears that make it appear to be an IGW, we believe that our analysis of Scenes 2 and 3 from AIDA makes a strong case for real IGWs in the lower stratosphere for the following reasons.
1. Plates I and 2 showed more clearly than in previous Arecibo data that long-period, short vertical-scale, horizontal velocity perturbations above the tropopause had consistently descending phase speeds. Table 1 and Table 2 , we calculate that the quantity on the righthand side of this equation is at least an order of magnitude smaller than the quantity on the left. Therefore we conclude that the background vertical shears were not great enough to account for the ellipticities observed. 4. The cross-spectral analysis of u and v showed that there was coincidence between high coherence and peaks in the autospectra between the local inertial frequency and the diurnal frequency, indicating the dominant presence of waves at the observed long periods.
